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Abstract

Objective: Here, we synthesize cerium oxide nanoparticles, successfully
characterize them, and study the interaction between enzymes and cerium
oxide nanoparticles (CeO, NPs) using a simple optical spectroscopic technique.
Method: CeO, was fabricated by chemical method. Characterizations were
done using UV-Vis absorption spectra, FESEM images, and XRD data. For
the biomolecular study, papain was used as a model enzyme. Two different
concentrations of CeO,, namely a small concentration range (0.05810 to
0.40670 mM) and a large concentration range (0.58100 to 0.92961 mM), were
taken to study the interaction with the papain. UV-Vis absorption spectra were
recorded to study bioconjugate formation. Findings: The CeO, NPs have an
intense absorption peak at 352 nm and a band gap of 3.78 eV. The XRD pattern
showed the unit cell is cubic with an average particle size of 41.36 nm. The
binding of papain with CeO, NPs resulted in a red shift in its absorption peak.
The apparent association constant (Kapp) was calculated for the bioconjugate
and found to be 0.747 x 103 M"! for small concentrations and 0.278 x 103 M-
for large concentrations. In large concentrations, aggregation occurs instead
of corona formation. Novelty: To the best of our knowledge, this may be
the first study of the interaction of papain enzyme with CeO, NPs. This study
contributes to the application of NPs in the field of biomedicine.

Keywords: Cerium oxide; Papaya proteinase (PP); Absorption spectra;
Bioconjugate; Association constant

1 Introduction

Nanotechnology attracts much attention for its fundamental studies and potential
applications in the biomedical field and drug delivery processes (). The biocompatibility
of nanomaterials depends on their physical and chemical properties. Upon entering the
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biological system, nanomaterials interact with a broad range of soluble biomolecules. Adsorbed Interaction between NPs and
biomolecules produces a biomolecular corona®. This biomolecular corona alters the nanoparticles’ size, surface charge, and
composition and gives them a biological identity that is different from the original ®. The components of a biological system
perceive the biological identity. Biomolecule-nanoparticle interactions modify a nanoparticle’s aggregation state, activity, and
dissolution properties®.

Papaya latex (Carica papaya L.) contains papain, a plant cysteine protease enzyme. To extract papain, one slices the skin
of an unripe papaya and collects and dries the latex that drains from the wound. The papain enzyme belongs to the papain
superfamily of proteolytic enzymes. As a proteolytic enzyme, it is essential for several critical biological processes in every living
organism ). The papain has a wide proteolytic action against proteins, amino acid esters, short-chain peptides, and amide bonds
and is extensively used in food and medicine. It preferentially degrades peptide bonds that include basic amino acids, including
arginine, lysine, and residues immediately after phenylalanine(®). Papain’s unique structure facilitates the understanding of its
proteolytic enzyme activity and its potential applications.

On the other hand, the cerium oxide (CeO;) nanoparticle is a direct and large band gap (E, = 3.19 eV) semiconductor 7).
Nanoceria have attracted considerable interest because to their widespread use in environmental remediation, photocatalytic
dye degradation, biological applications, and industrial sectors®). Because of their higher exciton binding energy, they are an
excellent contender for catalytic applications. The catalytic antioxidant characteristics of CeO, NPs can be used for treatment
of oxidative stress diseases ). CeO, NP surfaces show biological activity. The Ce>* /Ce** redox pair pathway of CeO, provides
antioxidant and antiradical activities. Nanoceria exhibit a variety of roles in the cellular and tissue buffering of reactive oxygen
species (ROS) (10) CeO, NPs resemble the function of superoxide dismutase (SOD) and are used to treat oxidative stress-related
illnesses like endometriosis !V, anti-angiogenic 1?) neurodegeneration '), chronic inflammation '), diabetes 1), retinitis (*®)
and cancer '), Thus, it is particularly important to investigate the interactions of CeO; NPs in various biological media in
order to investigate their medicinal applicability in plasma and other biological mediums. In order to improve research and
use of CeOy NPs in biomedicine!®), it is necessary to study how they interact with biomolecules and biofluids found in
the human body. Although cerium oxide nanoparticles have made significant progress in biomedical applications, they still
face physicochemical challenges such as loss of enzymatic activity during storage, non-specific cellular uptake, and oft-target
toxicities '), To explore the biological applications of cerium oxide nanoparticles, studying the interaction between enzymes
and cerium oxide is critical.

Considering this, the present work studied the interaction of the enzyme with CeO; using papain as a model enzyme. To the
best of our knowledge, this is the first report on papain and CeO, NP bioconjugate. This study may aid in the understanding of
the corona formation of enzymes with nanomaterials and can be applied in the biomedical field.

2 Methodology
2.1 Materials

Cerium nitrate hexahydrate and potassium carbonate were obtained from Sigma-Aldrich. The reagents were used without
further purification. The papaya milk was collected from papaya fruit and mixed with deionized water for the bioconjugate
experiment.

2.2 Collection of papaya proteinase

Papain that is found in papaya fruit was collected from the local area of the district of Bankura (23.1645° N, 87.0624° E), West
Bengal, India. The fruit was properly rinsed under tap water before being cleansed with distilled water. The chemical structure
and properties of papain are shown in Table 1.

Table 1. Properties of papain
Material DNA structure Amax(nm) MW (g/mol) Molecular formula
Papain Figure 1 275 226.23 CoH4N403

2.3 Synthesis CeO, nanoparticles

A novel method was used to synthesise CeOy nanoparticles, as described below. We prepared a 0.03M solution by mixing
3.257 g of Ce(NO3)3 .6H,O in 250 mL of deionized water. Similarly, a 0.03M solution of potassium carbonate [K,CO3] was
prepared by mixing 1.036 g of K,COs3 in 250 mL of deionized water. While maintaining a pH of 9, we added 50 mL of cerium
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Fig 1. DNA structure

nitrate solution and 30 mL of potassium carbonate drop by drop to 100 mL of well-stirred water under a magnetic stirrer. After
continuing magnetic stirring for the next 3 hours at room temperature, we obtained a precipitate of cerium (III) carbonate. We
separated the precipitate on filter paper and rinsed it with deionized water multiple times. The precipitate was dried in a hot air
oven at 60° C for 3 hours, then calcined at 600° C for 6 hours. The synthesis process is shown in Figure 2.

0.03M Ce(NO;);  0.03M K:CO, 7\
6H,0 . /N

Fig 2. Schematic synthesis process of CeO, NPs

2.4 Characterization techniques

A Systronics (AU 2703) double-beam UV-Vis spectrophotometer was used to take the optical absorption data. A ZEISS field
emission scanning electron microscope (FESEM) at an operating voltage of 5 kV was used to study the surface morphology. A
Rigaku X-ray diffractometer was used to study the crystallinity by employing Cu-Ka radiation at a wavelength of 1.54 A° in
the angular range of 20° to 80°.
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2.5 Bioconjugate experiment

The papain (PP) solutions with a preset concentration were prepared using one drop of papaya milk in 100 ml (Cpp =
1drop/100 ml) triple distilled water. The freshly prepared water has a pH of 6.8 and resistivity of 18.2 Q cm. Ultrasonication
was used to disperse the ready CeO, NPs in water for 60 minutes. The concentration of the CeO; solution changes as required
by adding triple distilled water. The mixed solution of CeO, NPs and papain were prepared through mixing preset aqueous
papain solution with the CeO», ranging from 0.05810 mM to 0.92961 mM with proper ratio.

3 Result and discussion

3.1 Optical properties

The optical band gap of the nanocrystal was calculated by examining its optical properties using a UV-Vis spectrophotometer
in the wavelength range of 200 nm to 800 nm. (Figure 3 (A)). The strongest absorbance peak was observed at around 352 nm.
In the wavelength range 200-800 nm, the absorption coefficient (¢t) was computed by using the Lambert law. To determine the
excitonic band gap (E,) of the CeO, nanoparticles, the Tauc equation ??) was used, as shown below.

(ahv)* = B(hv — Ey)

Where a = 2.303;71 (A is absorbance), h is known as PlancK’s constant, ¥ is frequency and B is band tailing parameter. The plot

of hv vs. (athv)? is shown in Figure 3(B), which is used to find the band gap E, by extrapolating the linear part on the abscissa.
The calculated direct excitonic band gap was 3.78 eV.
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Fig 3. (A) UV-VIS spectrum of CeO; NPs, (B) Tauc’s plot for band gap determination

3.2 Structural analysis

3.2.1 FE SEM

SEM analysis was used to study the surface morphology of CeO, nanoparticles. The surface morphology is given in Figure 4.
The image demonstrates that flower-like nanoparticles were produced. Also, there is a good separation of flower-like structures.
The possible reason for such formation was due to ageing effect.

3.2.2 X-Ray diffraction

Figure 5 (A) depicts the powder XRD pattern of the synthesised CeO; nanocrystal, with diffraction peaks at (111), (200), (220),
(311), (222), (400), (331) and (420). The peaks can be well indexed with the face-centred cubic fluorite structure of nanoceria
(JCPDS 96-900-9009). The nanocrystal exhibits a maximum peak intensity at 20 = 28.6202 AY associated with (111) Miller
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Fig 4. FESEM image of CeO; nano-flower with scale 40 nm

planes, which was used to estimate the crystallographic parameters. The size of the nanocrystal (Dy ) was computed by Debye-
Scherer formula !

KA

Dy=-—-"_
v Bij2cos6

Here, K = 0.94, for copper radiation.
Figure 5(B) illustrates the variation of FWHM or half width (3 /2) according to distinct diffraction peaks at 26.
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Fig 5. (A)XRD pattern of the CeO; nano-crystal (B) variation of half width (J3; ) of the different diffraction peaks with peak position
(26)

The dislocation density (dp), and the microstrain (g,) of the nanocrystal are determined according to the following
equations:

_ Bijppcost
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The crystallite size and microstrain was also calculated using Williamson-Hall (W-H) equation
KA
Bi2cos6 = Dy +4¢,,sinb

The linear fit of W-H plot gives the value of microstrain (g,,) and crystallite size (Dy ). Slope of the graph gives microstrain and
intercept on y axis gives the crystallite size.

The CeO; nanocrystal’s lattice constant (a) was determined using the following equation:
a=+/3xd

Here, dy1; is the interplanar spacing of (111) planes. Different lattice parameters of the nano sample are listed in Table 2.

Table 2. Different crystal parameters

(hkl) plane d spac- Lattice Scherrer’s method Williamson-Hall method
in, (AO) constant a  Grain size Microstrain Dislocation Grain size Microstrain Dislocation
(Dy) (&) density (Dy) (&) density (6p)
(dp)
(111) 3.119 5.4022 48.3272 0.000748 0.000428 41.3466 0.000968 0.000796

3.3 Concentration dependent absorption spectrum of CeO, -papain bioconjugates

To investigate the specific molecular interaction between CeOy NPs and papain (PP), the absorption spectra of papain were
monitored in the absence and presence of CeO5. Figure 6 shows the UV-Vis absorption spectrum of pure papain (without CeO,
NPs) at a preset concentration. A strong absorption peak at 275 nm was observed.

0.20

(=]
LG
(4]

o
-—
o

Absorbance (A.U.)

300 400 500 600 700 800
Wavelength(nm)

Fig 6. UV absorption spectra of papain biomolecule with papaya is inset

To determine the molecular interaction between CeO, NP and papain, the absorption spectra of papain were measured in
the absence and presence of CeO, NPs. Two different ranges of concentrations of CeO, nanoparticles were taken to investigate
the biomolecular interactions of the nanoparticles with papain. The concentration range from 0.05810 mM to 0.40670 mM was
referred to as the small concentration range, and from 0.58100 mM to 0.92961 mM was referred to as the large concentration
range.

Figure 7(A) shows the absorption spectra of papain and CeO, NPs-Papain bioconjugatein the small concentration range.
The absorbance peak (at 275 nm) of papain increased when the concentration of CeO, NPs within the CeO,-PP bioconjugate
increased. With the addition of CeO; NPs in this range, the absorption peak of free papain (PP) (~ 275 nm) broadens. The shape
of the peak at ~ 275 nm for free PP changes when CeO, nanoparticles are added to the bioconjugate. Within the bioconjugate,
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the maximum absorbance peak (~ 352 nm) for CeO, nanoparticles also increases. The formation of the ground state complex
enhances the overall absorbance of the CeOy NPs-papain system.

The introduction of a high quantity of CeO, NPs (Figure 7(B)) reduced the enzyme absorbance peak at 275 nm and
considerably increased the peak of CeO;, NPs. The large amount of doses reduces the peak of the papain enzyme at 275 nm. This
might be owing to the higher concentration of CeO, NPs, which results in fewer papain molecules on the surface. Using small
and large concentrations of CeO, NPs, we see a maximum redshift of ~10 nm and ~5 nm of papain absorbance, respectively.
Also, the red shifting of the peak of papain biomolecule is an indication of formation of bioconjugate. As some part of the energy
was used to form the bioconjugate therefore the absorption peaks shift to the lower energy. The red shift of the papain enzyme
peak was caused by the transfer of energy between CeO, NPs and papain biomolecules.
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Fig 7. (A) Absorption spectra of (a) papain (PP) (b) CeO; 0.05810 mM + PP (c) CeO; 0.11620 mM + PP (d) CeO; 0.17430 mM + PP (e)
Ce0; 0.23240 mM + PP (f) CeO; 0.29050 mM + PP (g) CeO, 0.34860 mM + PP (h) CeO, 0.40670 mM + PP, (B) Absorption spectra
of (a) papain (PP) (b) CeO; 0.58100 mM + PP (c) CeO; 0.63910 mM + PP (d) CeO; 0.69720 mM + PP (e) CeO; 0.75530 mM + PP (f)
Ce0; 0.81340 mM + PP (g) CeO; 0.87150 mM + PP (h) CeO, 0.92961 mM + PP

To quantitatively compare the binding strength of CeO, NPs, the apparent association constants or binding constant (Kp)
with PP were determined by monitoring changes in PP absorbance at 275 nm.

The equilibrium for CeO, NPs-PP complex bioconjugate production is described by:

PP+CeOy — Kp — CeO, : PP complex.

The binding constant (Kg) of a complex can be expressed as the concentration of components at equilibrium.

[CeO, : PP

Ky = [CeO] [PP]

The Benesi and Hildebrand method was used to compute the value of the association constant (Kp) (22):

1 1 1 1
Ac—A0  Anar—Ay " Ka(Anar—40) (0]
Here [Q] is the concentration of CeO,, Ay is the absorbance of papain in absence of CeO, (initial absorbance), A, is the recorded
absorbance at 275 nm of papain at different CeO, concentration ¢ and A,y is the maximum absorbance.
The variation of 4 versus 1/[Q] corresponding to the small concentration and large concentration ranges are shown
in Figure 8(A) and (B) respectlvely In Figure 8 (A), the plot of ; A vs. 1/[Q] shows a straight line, demonstratmg al:l
complexation between CeO; and PP. From the linear fittings of the data, the slope gives the value of m and intercept

. The value of Kz was estimated to be 0.747 x 10> M! (R=0.9952, where R is correlation coefficient)

for small concentratlon range and 0.278 x 10°> M! (R=0.9188) for the large concentration range. The higher value of apparent
association constant Kp in the low concentration zone supports a large number of enzymes on the CeO, NPs surfaces. Thus, a
strong enzyme-CeO, NPs complex formed in the ground state in compare with the high concentration region.

gives the value of 7
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Fig 8. (A) Plot of Iﬁ versus 1/Q in the small concentration range, (B) Plot of Iﬁ versus 1/Q in the large concentration range

The schematic representation of bioconjugate formation at different concentrations of CeO; is shown in Figure 9.

% <fmm Papain

&Ceoz NP

Fig 9. Schematic representation of corona formation between papain and different-concentration CeO, nanoparticles: (a) small
concentration of CeO; NPs, (b) large concentration of the CeO, NPs

4 Conclusion

In conclusion, we successfully grew CeO, NPs using the low-cost chemical precipitation approach and investigated their
optical and structural characteristics. The nano biomolecular interactions were studied by simple absorption spectroscopy.
The peak of the papain at 275 nm was red shifted due to nano-bio interactions. In our work, shifting was 10 nm and 5 nm
for papain absorbance, corresponding to the usage of CeO, NPs with small and large concentration ranges, respectively. The
apparent association constant we found was 0.747 x 10> M™! in small concentration and 0.278 x 10> M! in large concentration
respectively. We notice that the lower concentration of CeO, NPs results in a greater number of papain molecules per particle
surface. Whereas a high concentration of CeO, NPs results in just a few of papain molecules per particle surface. Thus, papain
can form corona with CeO, NPs, which may affect their enzymatic activity. Further study might have implications for their
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future use in biomedical applications.
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